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Background: The availability of the complete genome sequence of Arabidopsis thaliana together
with those of other organisms provides an opportunity to decipher the genetic factors that define
plant form and function. To begin this task, we have classified the nuclear protein-coding genes of
Arabidopsis thaliana on the basis of their pattern of sequence similarity to organisms across the three
domains of life.

than 99% of the terrestrial biomass and support most of the
biodiversity on Earth), plants are essential for humans as the
main source of food, provide raw materials for many types of
industry and chemicals for medical applications. It is thus
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Plants have played a major role in the geochemical and climatic evolution of our planet. Today, in addition to their fundamental ecological importance (plants account for more

interactions

Conclusions: We identified and characterized the Arabidopsis proteins that are most likely to be
plant-specific. Our results provide a genome-wide assessment that supports the hypothesis that
evolution of higher plant complexity and diversity is related to the evolution of regulatory
mechanisms. Because proteins that are unique to the green plant lineage will not be studied in other
model systems, they should be attractive priorities for future studies.
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Results: We identified 3,848 Arabidopsis proteins that are likely to be found solely within the plant
lineage. More than half of these plant-specific proteins are of unknown function, emphasizing the
general lack of knowledge of processes unique to plants. Plant-specific proteins that are membraneassociated and/or targeted to the mitochondria or chloroplasts are the most poorly characterized.
Analyses of microarray data indicate that genes coding for plant-specific proteins, but not
evolutionarily conserved proteins, are more likely to be expressed in an organ-specific manner. A
large proportion (13%) of plant-specific proteins are transcription factors, whereas other basic
cellular processes are under-represented, suggesting that evolution of plant-specific control of gene
expression contributed to making plants different from other eukaryotes.
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The electronic version of this article is the complete one and can be
found online at http://genomebiology.com/2004/5/8/R53

Background

reviews

Addresses: *Department of Energy Plant Research Laboratory, Michigan State University, East Lansing, MI 48824-1312, USA. †Department of
Plant Biology, Michigan State University, East Lansing, MI 48824-1312, USA. ‡Delaware Biotechnology Institute, University of Delaware, 15
Innovation Way, Newark, DE 19711, USA. §Current address: Department of Biology, New York University, 100 Washington Square East, New
York, NY 10003, USA.

comment

Phylogenetic profiling of the Arabidopsis thaliana proteome: what
proteins distinguish plants from other organisms?
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daunting to realize how little we understand about them. For
example, only approximately 10% of the genes of Arabidopsis
thaliana, the best explored model system for plant biologists,
have been characterized experimentally [1].
What makes plants different from other organisms? This is a
central question in plant biology that has a complex, multilayered answer. The genomic sequence of Arabidopsis, published in December 2000, allows us to begin answering this
fundamental question from the perspective of genetic information. By identifying the similarities and the differences in
the gene content of this model plant as compared with organisms in other phylogenetic lineages, one can begin to differentiate ancient processes that are shared by cells in plants and
other organisms, from those that evolved independently in
the plant lineage and contributed to determining plant form
and function.
The vast majority of the genes in Arabidopsis are encoded in
the nuclear genome. Most of the original genetic content of
the cyanobacterial ancestor of the chloroplast and the proteobacterial ancestor of the mitochondrion have been transferred to the plant cell nucleus. The remaining 79 chloroplastencoded proteins are mostly components of the photosystem
and electron-transport chain or are involved in protein synthesis [2]. Most of the 58 genes encoded in the mitochondrial
genome are devoted to components of the respiratory chain
and tRNAs [3].
The initial analysis of the sequenced Arabidopsis genome
suggested that 70% of the Arabidopsis gene products can be
assigned to functional categories on the basis of sequence
similarity to genes of known function in other organisms [1].
However, the proportion of Arabidopsis genes with related
counterparts in other organisms with completed genome
sequences (Escherichia coli, Synechocystis sp. PC6803, Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila
melanogaster and Homo sapiens) vary greatly depending on
the functional category: from 8-23% in transcription to 4860% in protein synthesis when using a stringent BLASTP cutoff value of E < 10-30. These results suggest that plant transcription factors have evolved independently, but that
proteins that participate in other cellular processes are highly
conserved in the plant lineage [1].
Determining the function of proteins deduced from genomic
sequences is a central goal in this post-genomic era. The
importance of this pursuit is emphasized by the observation
that even for some of the most extensively studied organisms,
such as E. coli, a high proportion of the predicted genes are as
yet uncharacterized [4]. How do we prioritize the characterization of thousands of genes with only hints of what their cellular roles might be, based on sequence similarity?
Comparative genomics is a powerful approach that has been
used extensively to predict protein function. This technique
also promises to help us identify lineage-specific functions or
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processes that can tell us about the unique aspects of plants
and other organisms. One way to promote discoveries that are
of special significance to plants or other lineages is to focus
attention on those genes that are found preferentially in that
lineage. However, few comparative genomic studies have
been carried out that focus on lineage-specific aspects of the
sequenced genomes [5]. The recent availability of several
complete genome sequences from all three domains of life
(Eukarya, Bacteria, Archaea) makes comparative genomic
strategies particularly attractive to tackle this issue.
As a first step towards identifying plant-specific genes, we
classified the nuclear-encoded protein-coding genes of Arabidopsis on the basis of their pattern of sequence similarity to
protein sequences of organisms that belong to Eukarya, Bacteria and Archaea. We then used this initial classification to
identify 3,848 Arabidopsis proteins that are likely to be found
only in green plants. We believe that these plant-specific proteins may play important roles in processes that are unique to
and of significance to green plants. We found that many
plant-specific proteins are known or putative transcription
factors, indicating that evolution of plant-specific mechanisms of regulating gene transcription was important for the
evolution of the plant lineage. However, many plant-specific
proteins have no known function. From our analysis of the
latter proteins, we suggest that plant-specific processes that
occur in chloroplasts or mitochondria, and/or that are associated with membranes, are the most understudied. Interestingly, plant genes encoding plant-specific proteins were often
expressed in an organ-specific manner. To facilitate the functional characterization of plant-specific proteins, we have
compiled and integrated information from multiple public
databases (for example, TIGR, MIPS, TAIR, SIGNAL) and
computer prediction programs into a searchable database
that is accessible from the worldwide web [6].

Results
Arabidopis protein-coding genes exhibit diverse
phylogenetic profiles
To try and understand what makes plants different from
other organisms at the genetic level, we sought to identify and
characterize the Arabidopsis protein-coding genes that are
present in plant species but not in organisms outside the
Plantae. As a first step we investigated the pattern of similarity of Arabidopsis protein sequences among organisms that
belong to the three domains of life (Eukarya, Bacteria and
Archaea). We determined the phylogenetic profile (PP) of
each Arabidopsis protein sequence by recording the presence
or absence of similar sequences in protein sets from other
organisms. This is similar to the "phylogenetic profiles"
defined by Pellegrini et al. [7] to hypothesize protein function
in E. coli; or the "binary vectors" used by Peregrin-Alvarez et
al. [8] to study the phylogenetic distribution of metabolic
enzymes in the same bacterium. In contrast to these studies,
however, we applied a more conservative two-way cutoff to
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Absence of Arabidopsis proteins in all other protein sets
examined could be explained in two major ways: these Arabidopsis proteins are generally present in plants but are absent
in non-plant lineages (plant innovation, divergence, gene
loss); or these Arabidopsis proteins are spurious or incorrect
gene predictions. If these are real plant-specific proteins, we
reasoned that similar proteins should be expressed in other
plant species. Therefore, to distinguish these two possibilities, we compared the 7,868 protein sequences against the
Arabidopsis expressed sequence tag (EST) database and the
EST databases of 13 other vascular plant species, including
both monocotyledonous and dicotyledonous species (see the
list of species in Materials and methods). ESTs comprise the
largest pool of sequence data for many plant species and contain portions of transcripts from many uncharacterized
genes. Because ESTs have no annotated coding sequences, a
TBLASTN search was performed. We considered as plantspecific any of the 7,868 proteins identified previously that
showed significant sequence similarity (E ≤ 10-10) against protein sequences in the Arabidopsis EST database and the databases of at least four other plant species. After manually
excluding proteins encoded in retroelements or transposable
elements, 3,848 Arabidopsis proteins were selected and classified as putative plant-specific proteins (Figure 1b). Because
of the stringency of our criteria, it is likely that we have missed
many true plant-specific genes. In addition, it is clear that
even with a relaxed cutoff, the list of plant-specific proteins
will still not be exhaustive. ESTs are fragments of genes and
EST populations often do not include rarely expressed genes.
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Notably, the most abundant PP, exhibited by 7,868 protein
sequences, corresponded to Arabidopsis proteins that
showed no detectable similarity to any sequence in the protein sets used in this study (black circle in Figure 1a). This
class contains proteins that are likely to be plant specific.
Characterization of the plant-specific protein functions and
identification of the processes in which they participate
should help us understand the molecular features that distinguish plants from other organisms.
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The current Arabidopsis genome is composed of protein-coding genes with different evolutionary histories (see, for example [5,9,10]). Consequently, it is expected that Arabidopsis
protein sequences would have different PPs. Although 512
PPs are combinatorially possible with nine protein sets,
genome-wide differences should be most marked when comparing across kingdoms or domains of life. Indeed, 12,521
(91%) of the Arabidopsis proteins that were assigned PPs
exhibited one of the eight possible PPs defined by the presence or absence in other eukaryal, bacterial or archaeal
genomes (sum of the black circle and the three intersecting
circles in Figure 1a). For example, 2,436 Arabidopsis proteins
were found to have sequence similarity to proteins in all the
protein sets utilized (intersection of the Bacteria, Archaea and
Eukarya circles in the Venn diagram in Figure 1a); 1,152 Arabidopsis proteins were found to have sequence similarities to
proteins in all the eukaryotic sets examined; and 576 proteins
had sequence similarity with proteins in the bacterial domain

exclusively (Figure 1a). In addition, 434 proteins exhibited
PPs suggestive of patterns of conservation across kingdoms
(included in the circle labeled 'Other' in Figure 1a). For example, 163 Arabidopsis proteins were found only in the animal
proteomes, while 27 were found only in the two fungal proteomes. PPs not readily classified accounted for 838 proteins
(also included in the circle labeled 'Other' in Figure 1a). These
numbers are not solely the result of gene-family expansion
(for example, a few Arabidopsis proteins are similar to metazoan proteins but have given rise to large protein families).
The size of gene families is similar in all PP groups and trends
observed in the numbers are maintained even when looking
at proteins that are unique in the Arabidopsis genome (as
determined by BLASTCLUST analysis; see Figure 4 in [6]).

reviews

PPs are not true phylogenies. Nevertheless, we argue that the
PP is a trait of the protein sequence that reflects its evolutionary origin. In this study, we were most interested in identifying the protein sequence innovations of plants. Therefore, we
did not register or consider domain architecture or other
structural features beyond primary structure in the PP definition. As a consequence, proteins that are unique to the plant
lineage because of innovative arrangements of ubiquitous
domains will not be included in our analyses. For example,
proteins with a novel arrangement of kinase domains will be
classified according to the uniqueness of the primary structure alone, and kinase-domain-containing proteins are likely
to have PPs indicative of presence in all organisms. Similarly,
some members of gene families that are mostly plant specific
might be classified in other lists if they have acquired one of
these ubiquitous domains.
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generate the PPs of plant proteins. A 'presence of similar
sequence' call was made when the BLASTP E-value of the best
match between a given Arabidopsis protein query and one of
the nine protein sets utilized (below) was 10-10 or less.
'Absence of similar sequence' calls were made when the
BLASTP E-values were greater than 0.01. Protein coding
genes that exhibit BLAST E-values between 0.01 and 10-10
against any of the protein sets were not considered further
(13,469 protein sequences). Although 49% of Arabidopsis
proteins could not be assigned a PP with this conservative criterion, it allowed us to focus on the proteins with the bestdefined pattern of conservation throughout the phylogeny.
This resulted in 13,819 Arabidopsis proteins being associated
to a vector of nine characters that indicated whether similar
sequences were found or not found in the following protein
sets: Homo sapiens, Rattus norvegicus, Drosophila melanogaster, Caenorhabditis elegans, Mus musculus,
Schizosaccharomyces pombe, Saccharomyces cerevisiae, a
combined set of 88 species of Bacteria, and a combined set of
16 species of Archaea.
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In addition, we analyzed only protein-coding genes, and it is
known that many noncoding RNAs are likely to be kingdom
specific ([11], and J. Kastenmayer and P.J.G., unpublished
work). Although non-exhaustive, this approach allowed us to
identify a set of sequences that are strong candidates for
expressed proteins that are plant specific.

(a) Arabidopsis thaliana proteins found in
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any other
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Many plant-specific proteins are of unknown function
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Figure 1
Identification
of plant-specific proteins
Identification of plant-specific proteins. (a) Classification of Arabidopsis
proteins based on their pattern of sequence similarity to other organisms.
The 27,288 Arabidopsis proteins were classified on the basis of their
phylogenetic profiles (PP). Each PP recorded whether similar sequences
were found or not found in the protein sets from the following organisms:
Homo sapiens, Rattus norvegicus, Drosophila melanogaster, Caenorhabditis
elegans, Mus musculus, Schizosaccharomyces pombe, Saccharomyces cerevisiae,
a combined set of 88 species of Bacteria, and a combined set of 16 species
of Archaea. Not drawn to scale. (b) Identification of putative plant-specific
proteins. The Arabidopsis proteins that lack similarity to any other
organism (7,868 proteins represented in the black circle in (a)) were
compared against sequences in the expressed sequence tag (EST) database
of Arabidopsis and 13 other plant species. A total of 3,848 Arabidopsis
proteins were identified as plant specific because they showed sequence
similarity to proteins in the Arabidopsis EST database and to proteins in
EST databases of at least four other plant species (at E-value ≤ 10-10). In
addition, 892 other Arabidopsis proteins show similarity to the Arabidopsis
and one to three other plant EST databases, 2,691 Arabidopsis proteins
exhibit similarity to sequences in the Arabidopsis EST database only, and
437 lack similarity to any sequence in the EST databases used.

To gain insight into the cellular functions of the plant-specific
proteins defined above, we examined their annotation. As
shown in Table 1, approximately 38% of the plant-specific
proteins are annotated only as 'expressed protein' in version
4 of the TIGR Arabidopsis genome (from April 2003). This is
almost twice the proportion of expressed proteins currently
annotated in the whole genome (Table 1). Another 14% of
plant-specific proteins were annotated as 'hypothetical protein', a proportion comparable to that observed in the whole
genome. Together, 2,017 (52%) of plant-specific proteins are
without known cellular function. In stark contrast, only 2.5%
of the proteins that are conserved in all protein sets are annotated as hypothetical or expressed proteins (Table 1). Because
of this, we consider this list of plant-specific proteins a good
starting point for future reverse-genetic strategies. Understanding the function of uncharacterized plant-specific proteins is likely to provide a rich source of novel insights about
plant biology.
In an effort to provide clues about the cellular roles and facilitate prioritization of the study of proteins without known
function, we analyzed their predicted subcellular localization
and some other properties (all predictions and information
gathered are available in our database [6]). Subcellular localization and membrane-spanning predictions were carried out
with TargetP [12] and TMHMM [13], respectively, as
described in Materials and methods. We predict that 614
plant-specific proteins with unknown function are targeted to
chloroplasts or mitochondria (Table 2). This suggests that
many plant-specific proteins of unknown function have roles
in processes that occur in these plant organelles. Interestingly, a statistically significant difference in the predicted
subcellular localization was found for plant-specific proteins
of unknown function compared with those with known functions (p < 0.0001). Plant-specific proteins of unknown function are more likely to be found in organelles (mitochondria
and chloroplasts) and less likely to be in the secretory pathway compared with those with known function. This suggests
that the secretory pathway has been the focus of greater
research attention than have the other two organelles in
plants. While this conclusion is less surprising for chloroplasts, because their metabolism cannot be studied in nonplant systems, it is somewhat surprising for mitochondria,
which have been well studied in yeast and mammalian systems. On the other hand, the high proportion of plant-specific
mitochondrial proteins of unknown function may reflect the
extent to which plant mitochondrial metabolism differs from
that of mitochondria of other organisms [14].
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Table 1
Proteins with poor annotation are abundant among plant-specific proteins

Arabidopsis proteins found in all protein sets

Whole Arabidopsis protein set*

Hypothetical protein

557 (14%)

12 (0.5%)

4,363 (15%)

Unknown proteins

3 (0.1%)

0 (0.0%)

26 (0.1%)

Expressed protein

1,457 (38%)

50 (2.0%)

6,683 (23%)

Total

2,017 (52%)

62 (2.5%)

11,072 (38%)

Total in class

3,848

2,436

28,581

information

Genome Biology 2004, 5:R53
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In contrast to transcription, other basic cellular processes
were poorly represented in the plant-specific category (Table
3). Only one plant-specific protein was found that could be
related to pre-mRNA processing (At5g19480). In addition, no
known components of the mRNA transport and degradation
machineries could be found, although some plant-specific
proteins contained domains (such as LRP1, RRM) that have
been associated with RNA metabolism in a previous study
[6,20]. A few plant-specific proteins were involved in translation. The two Arabidopsis acidic 60S ribosomal proteins of
the P3 type - Rpp3a (At4g25890) and Rpp3b (At5g57290) were classified as plant-specific. Acidic ribosomal proteins

refereed research

We found 1,831 (45%) plant-specific proteins with annotations suggestive of various functional roles. Conspicuous by
their prevalence, 494 (13%) of the total plant-specific proteins
are known or putative transcription factors. This is more than
twice as many as expected, based on the current estimate of
5% of the total number of plant transcription factors encoded
in the Arabidopsis nuclear genome [15], and is by far the most
prevalent functional group among plant-specific proteins. We
surmise that evolution of proteins specifically involved in the
control of gene transcription was an important factor in the
evolution of vascular plants. This finding further supports the
hypothesis that the evolution of plant form was in large part
determined by the evolution of regulatory mechanisms [16].
As expected, none of the plant-specific proteins is an obvious
component of the conserved basal transcriptional machinery
(RNA polymerase subunits, for example) or general transcription factors (such as the TATA-box binding protein or
subunits of the transcription factors TFIIB, IIE, IIF, IIH and
so on). Instead, most plant-specific proteins related to tran-

The biggest group belongs to the AP2/ERF domain transcription factor family. In fact, 124 of the 142 annotated AP2/ERF
transcription factors are plant-specific on the basis of our criteria. AP2/ERF is one of the largest families of Arabidopsis
transcription factors. Members of this family are involved in
a wide range of processes, in development as well as in
response to biotic or abiotic stress [17]. The second largest
group of plant-specific transcription factors (73 proteins)
given by our analysis belongs to the NAC superfamily. NAC
transcription factors are specific to plants, in which they are
known to play a role in developmental processes [18]. The
third largest group of plant-specific transcription factors
comprised 44 proteins from the WRKY superfamily. This represents about 55% of the total number of WRKY transcription
factors currently annotated in the Arabidopsis genome [19].
WRKY transcription factors are involved in a variety of
processes such as pathogen defense, trichome development
and senescence [19]. Other plant-specific proteins involved in
transcription belong to various families of transcription factors - bHLH (31), GRAS (28), C2C2 family (42), MYB (25),
TCP (21) and others (Table 3) - and to transcriptional regulator families such as the AUX/IAA family (24) and others (10).

deposited research

Plant-specific proteins with annotated function are
often transcription factors, while other basic cellular
processes are underrepresented

scription appear to be proteins that can bind DNA and can
presumably activate or repress transcription in response to
specific developmental, environmental or physiologic cues.
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Similarly, a significantly higher proportion of plant-specific
proteins of unknown function were predicted to be membrane associated when compared with the known plant-specific proteins (p < 0.0001) or with the entire proteome of
Arabidopsis (p < 0.0001) (Table 2). This suggests that membrane association also contributes to a poorer understanding
of protein function. Most of the plant-specific proteins of
unknown function were represented by ESTs. In fact, 74
genes that encode plant-specific proteins were represented by
20 or more ESTs, suggesting that at least some of them are
highly or moderately expressed (see [6]). Together, these data
suggest that putative membrane-associated plant-specific
proteins that are predicted to be targeted to the mitochondria
or chloroplasts, and in particular those judged from the EST
frequency to be highly expressed, are attractive candidates for
future studies.

reviews

Comparison of the number of proteins annotated as 'expressed protein', 'hypothetical protein' or 'unknown protein' in the list of plant-specific
proteins, proteins conserved throughout the phylogeny and in the whole Arabidopsis proteome. Total number of protein sequences per category
(percentage relative to the total in the class) are shown. *Although the Arabidopsis TIGR genome release v3.0 (2002) was used to make the
classification (plant-specific or other groups) and for all the other data analysis in this study, the numbers in this table reflect the latest protein
annotation available from TIGR (genome release v4.0, April 2003).
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Plant-specific proteins
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Table 2
Prediction of subcellular localization and transmembrane helices

Unknown plant-specific proteins

Known plant-specific proteins

Whole Arabidopsis protein set

1,073 (53%)

1,006 (55%)

15,706 (58%)

TargetP predictions
Any other location
Chloroplast

360 (18%)

253 (14%)

3,972 (15%)

Mitochondria

254 (13%)

178 (10%)

2,963 (11%)

Secretory pathway

330 (16%)

394 (22%)

4,647 (17%)

Membrane associated

220 (11%)

89 (5%)

2,075 (8%)

Total

2,017

1,831

27,288

TMHMM predictions

Total number of protein sequences per category (percentage relative to the total in the group).

form a characteristic complex or 'stalk' on the side of the large
subunit of eukaryotic ribosomes [21]. Though the functional
role of this complex is unclear, it is thought to participate in
the elongation phase of translation [21]. Animals, fungi and
protozoans possess three classes of acidic ribosomal P proteins: P0, P1 and P2. However, consistent with our results,
plants are known to possess an extra class of acidic P proteins
termed P3 [22]. The eukaryotic initiation factor 4B
(At3g26400, At4g38710, At1g13020) was also classified as
plant specific. This classification is consistent with previous
studies that indicate that eIF-4B in plants is different from its
counterparts in other organisms [23]. Finally, the ribosomal
L5 protein (At2g07725) and a ribosomal-related protein
(At2g10980) were also classified as plant specific. Further
characterization of the roles of these proteins in translation
may uncover novel plant-specific aspects of protein synthesis.
Proteins involved in protein degradation were also poorly
represented in the plant-specific category, with the exception
of F-box proteins. The F-box is a structural motif about 50
amino acids in length [24]. It is present in F-box proteins and
is involved in protein-protein interaction of the F-box proteins with the other members of the SCF complex [24,25]. The
SCF complexes form one of the largest and best understood
families of E3-ligases present in eukaryotic genomes. The
function of these complexes is to facilitate the formation of a
linkage between the ubiquitin peptide and a protein substrate
[26]. A polyubiquitin chain is formed afterwards, thus targeting the protein for proteasome-mediated degradation. F-box
proteins confer the substrate specificity on the SCF complex,
and in plants have an important role in processes such as cellcycle control, floral development, circadian rhythms and
responses to the hormones auxin and jasmonic acid [27]. Of
the proteins that appear to contain an F-box domain, 115 are
unique to plants (Table 3). F-box proteins, as defined by the
presence of the F-box domain but otherwise unrelated in pri-

mary structure, are found in other organisms [25]. This is also
one of the protein families that shows the biggest expansion
in the plant lineage [5]. Thus, together with transcriptional
regulatory mechanisms, protein degradation may have also
played a role in vascular plant evolution.
Protein phosphorylation/dephosphorylation is a major
mechanism used by both plants and animals to regulate many
cellular processes. It is estimated that about 4% of Arabidopsis genes encode proteins that belong to the eukaryotic kinase
superfamily and 1% encode protein phosphatases (PlantsP
database [28]). We found only one of the protein kinases
annotated in the PlantsP database classified as plant-specific
(At4g00340) and no protein phosphatases. We found that
most protein kinases had PPs indicative of similar sequences
in all the genomes analyzed. In contrast, phosphatases had
PPs indicative of similar sequences in all eukaryote genomes.
Protein phosphatases are highly conserved between plants
and animals [29], but there are known groups of protein
kinases that appear to be unique to plants (see, for example
[30]). This novelty however, is based on plant-specific
domain architecture and not the primary structure. Our study
thus indicates that few signal transduction components
involving phosphate transfer have been evolutionary novelties in plants; we have found that most, if not all, have been
constructed by shuffling, addition or deletion of domains that
are shared by all eukaryote genomes; similarly to other
whole-genome sequences [31].

The role of plant-specific proteins in plant cell
metabolism
Plants have an extraordinarily rich metabolic capacity, producing many thousands of structurally different compounds
[32]. In an effort to understand the significance of plant-specific proteins for plant cell metabolism, we asked what proportion of plant-specific proteins contributed to this
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Table 3

Gene family

Number of plant-specific proteins

Known or putative
transcription factors
AP2/ERF

124
16

B3

14

bHLH

31

bZIP

12

C2C2

42

C2H2

2

EIN/EIL

5
28

HD

13

Leafy

1

MADS

2

MYB

25

NAC

73

SBP

11

TCP

21
1

VP1/ABI3

1

WRKY

44

Other

28

Other transcriptional
regulators
AUX/IAA

24

Other

10

Pre-mRNA processing and
transport

1

Translation

7

Protein degradation
F-box proteins

115

Genome Biology 2004, 5:R53
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Another area of plant metabolism that may employ many
plant-specific proteins is cell-wall metabolism. Because the
walls surrounding plant cells are different from the cell walls
of bacteria and fungi, it seems likely that many of the enzymes
needed for the synthesis, reorganization and degradation of
cell-wall components might be specific to plants. Although
analysis of the plant-specific genes identified a number of
proteins possibly involved in wall biosynthesis and reorganization (see below), many of the enzymes involved in wall deg-

interactions

metabolic capability, and whether they define metabolic
pathways that are innovations of the plant lineage. As one way
to address these questions, we used the proteins classified in
this study to query the AraCyc database of metabolic pathways [33]. AraCyc currently includes more than 170 metabolic pathways, covering primary and secondary metabolism
as well as several plant-specific metabolic pathways [33]. Of
the Arabidopsis proteins with PPs, 432 were assigned to reactions in one or more of the pathways in AraCyc for a total of
869 references in the metabolic database. Not surprisingly,
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A catalog of 600 Arabidopsis genes representing 210 cellular
activities involved in acyl lipid metabolism was recently constructed based on annotations by experts in the field [34].
Because acyl lipid metabolism is a primary metabolic pathway common to all eukaryotic, and most prokaryotic, organisms, it might be expected that relatively few of these proteins
would be classified as plant specific. This was the case.
Although 82 of the 600 Arabidopsis proteins were plant
specific, most of these were members of large gene families.
For example, 52 of the plant-specific proteins are classified as
lipid-transfer proteins, an abundant class of extracellular
proteins possibly involved in defense responses or cuticle
lipid production. Of the 210 enzymes or cellular activities
involved in plant acyl lipid metabolism, only 15 were plant
specific. Within this group of 15, in addition to lipid-transfer
proteins, we found a lysophosphatidate acyltransferase, an
allene oxide synthase (involved in jasmonic acid biosynthesis), oleosin, and several lipases or acyl hydrolases. However,
with the exception of allene oxide synthase, oleosins and lysophosphatidate acyltransferase, the function of most of the
plant-specific proteins that are involved in acyl lipid metabolism has not been confirmed, and they represent attractive
targets for further study.

deposited research

Trihelix

Consistent with the results obtained with AraCyc, visual
inspection of protein annotations failed to detect obvious primary metabolic functions in the plant-specific category. In
addition to this general observation, we consider in more
detail lipid and carbohydrate metabolism.

reports

GRAS

252 of these 432 proteins corresponded to proteins with conserved sequences throughout the phylogeny. These 252 proteins were found to catalyze several steps in catabolic
pathways such as glycolysis, the tricarboxylic acid cycle, and
fatty-acid degradation. Similarly, they also catalyzed reactions in anabolic pathways such as purine and pyrimidine
biosynthesis, and participated in several amino-acid biosynthesis pathways, fatty-acid biosynthesis, gluconeogenesis and
other pathways. In stark contrast, only 19 out of the 3,848
plant-specific proteins, catalyzing 11 different reactions, were
found in AraCyc (Table 4). These results indicate that most
plant-specific proteins do not participate in the metabolic
pathways currently present in AraCyc. Furthermore, the few
plant-specific proteins found catalyzed at most two steps in
the same pathway, suggesting that most of the plant pathways
in this database are not innovations of the plant lineage.
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Arabidopsis plant-specific proteins with known or hypothetical
function and that are involved in central cellular processes
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Table 4
Plant-specific proteins that are found in the AraCyc database

Locus

Protein description

Metabolic pathway

Enzyme name

Reaction*

At1g78240

Similar to early-responsive to dehydration
stress ERD3 protein

Carbon monoxide
dehydrogenase pathway

Methyltransferase

At1g08550

Violaxanthin de-epoxidase precursor, putative

Carotenoid biosynthesis

Violaxanthin de-epoxidase

At1g08550

Violaxanthin de-epoxidase precursor, putative

Carotenoid biosynthesis

Violaxanthin de-epoxidase

At1g78240

Similar to early-responsive to dehydration
stress ERD3 protein

CO2 formation from
methanol

Methyltransferase

At1g53520

Chalcone-flavanone isomerase-related

Flavonoid biosynthesis

Chalcone isomerase

5.5.1.6

At5g05270

Chalcone-flavanone isomerase family

Flavonoid biosynthesis

Chalcone-flavonone isomerase

5.5.1.6

At5g66220

Putative chalcone-flavanone isomerase
(chalcone isomerase) (CHI)

Flavonoid biosynthesis

Chalcone isomerase

5.5.1.6

At1g27690

Lipase -related

Glycerol biosynthesis

Lipase

3.1.1.3

At5g03980

gdsl-motif lipase/hydrolase protein

Glycerol biosynthesis

Lipase

3.1.1.3

At1g13280

Allene oxide cyclase family similar to ERD12

Jasmonic acid
biosynthesis

Allene oxide cyclase

5.3.99.6

At1g19640

S-adenosyl-L-methionine:jasmonic acid
carboxyl methyltransferase (JMT)

Jasmonic acid
biosynthesis

S-adenosyl L-methionine:jasmonic
acid carboxyl methyltransferase

At1g13280

Allene oxide cyclase family similar to ERD12

Lipoxygenase pathway

Allene oxide cyclase

5.3.99.6

At4g21610

Lsd1 like protein

L-serine degradation

LSD1

4.2.1.13

2.1.1.RXN-325
RXN-314
METHTRANSBA
RK-RXN

RXN1F-28

At1g53520

Chalcone-flavanone isomerase-related

Phytoalexin biosynthesis

Chalcone isomerase

5.5.1.6

At5g66220

Putative chalcone-flavanone isomerase
(chalcone isomerase) (CHI)

Phytoalexin biosynthesis

Chalcone isomerase

5.5.1.6

At5g05270

Chalcone-flavanone isomerase family

Phytoalexin biosynthesis

Chalcone-flavonone isomerase

5.5.1.6

At1g03040

bHLH protein component of the pyruvate
dehydrogenase complex E3

Pyruvate dehydrogenase

Pyruvate dehydrogenase (lipoamide)

1.2.4.1

At2g45880

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

At3g23920

Glycosyl hydrolase family 14 (beta-amylase)

Starch

degradation†

Beta-amylase

3.2.1.2

At4g15210

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

At4g17090

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

At5g18670

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

At5g45300

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

At5g55700

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

At2g32290

Glycosyl hydrolase family 14 (beta-amylase)

Starch degradation†

Beta-amylase

3.2.1.2

*EC number is given when available, otherwise the AraCyc [70] frame name for the reaction is given. †AraCyc designation for this metabolic pathway
is 'Starch and cellulose biosynthesis'. However, as far as we know, genes in this family are only involved in starch degradation.

radation are shared with many other organisms, including
bacteria and fungi. This is not surprising; many organisms
use plants as a food source and therefore need the ability to
degrade plant cell-wall components.
In contrast, proteins involved in wall biosynthesis and reorganization are well represented among the plant-specific
genes, at least as far as they can be identified. For example,
the expansins are a group of proteins involved in loosening
the connections between wall components to allow growth
and development [35], and most of them are present in the
list of plant-specific proteins. The proteins involved in cellulose biosynthesis have been identified as plant homologs of
bacterial cellulose synthases [36]. Thus, it is expected that

these proteins would not be plant specific, but rather would
be shared with bacteria. In contrast, some members of a family of proteins related to xyloglucan fucosyltransferase
[37,38] are plant specific. This is somewhat unexpected, in
that many organisms, including bacteria and animals, have
fucosyltransferase enzymes. Although the evolution of this
large family of enzymes is unclear, the genes encoding the
plant enzymes either arose via convergent evolution or have
diverged sufficiently that they no longer have significant
sequence similarity.
Finally, because so few enzymes involved in cell-wall biosynthesis have been identified, it is likely that many of these
enzymes are annotated as expressed proteins or hypothetical
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comment

proteins. For example, many wall polysaccharides and glycoproteins contain arabinose, a sugar rarely found in the glycoconjugates of other organisms. Thus, the many different
enzymes needed for the addition of arabinose to plant glycoconjugates have few, if any, homologs in better studied organisms. Because none of the plant arabinosyltransferases has
yet been identified, it seems likely that they would be among
the proteins annotated as expressed proteins or hypothetical
proteins. Because they are expected to be integral membrane
proteins and because it is expected that plants should contain
a significant number of different arabinosyltransferases, this
group of proteins would be a good candidate for functional
genomic studies.
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(b)
χ2 statistic

p

Ref vs leaf

7.01

8.10e-03

Ref vs flower

39.82

2.80e-10

Ref vs root

52.83

3.60e-13

Ref vs silique

23.86

1.00e-06

Ref vs stem

28.29

1.00e-07

Leaves vs flowers

20.03

7.60e-06
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responses with a potentially common evolutionary history. In
addition to the plant-specific proteins, the corresponding
genes for 1,654 other proteins classified in this project (Figure
1a) were also represented on AFGC microarrays. We used
hierarchical clustering analysis to group these 2,725 genes on
the basis of their expression profiles. We only considered
clusters with a 0.5 or higher correlation coefficient in the
expression pattern among cluster members and clusters with
10 or more members. We found 34 such clusters and determined which of these showed 80% or higher enrichment in
any of the PPs defined in this study. Interestingly, only two
clusters were found enriched in any PP and they were
enriched in plant-specific genes (Table 6). From the putative

refereed research

Arabidopsis
expression
Figure
2 genes
in organs
encoding plant-specific proteins exhibit preferential
Arabidopsis genes encoding plant-specific proteins exhibit preferential
expression in organs. (a) Heat map showing the 600 plant-specific genes
that exhibited differential expression in at least one microarray
experiment comparing RNA samples from different plant organs.
Microarray experiments were obtained from the Stanford Microarray
Database. The mean was calculated for the replicates. Organ preferential
expression was defined as a twofold or higher ratio in the comparison.
Gene expression is expressed as the log2(ratio). The bar at the top right
indicates the magnitude of change. Green indicates induction and red
indicates depression of gene expression. Ref, reference sample; see
Materials and methods for details. (b) For all organ comparisons the
number of differentially expressed genes in the plant-specific category was
statistically higher than the number of differentially expressed genes that
are not plant specific. Calculation of the statistical significance was done
using the chi-square test for contingency tables.

deposited research

We next asked whether the plant-specific group or some of
the other groups defined by the PPs correlated with groupings
derived from gene expression alone, thus identifying

Tissue comparison

reports

A phylogenetic mode of gene expression has been proposed
for the development of C. elegans [39]. In this nematode, evolutionarily conserved genes are expressed early during development, whereas worm-specific genes are expressed
preferentially during later developmental stages [39]. We
posit that such a phylogenetic model of gene expression is
also present in plants. A prediction from this model is that
plant-specific genes are likely to show preferential expression
in organs as compared to genes that are evolutionarily conserved. To test this prediction, we analyzed the expression of
genes represented on publicly available microarray experiments. We found 1,071 genes that encode plant-specific proteins represented on glass slide microarrays from the
Arabidopsis Functional Genomics Consortium (AFGC) (see
Materials and methods). Interestingly, a high proportion of
the plant-specific genes (600 of the 1,071) were differentially
expressed in at least one organ comparison experiment
(Figure 2a). Flowers and roots showed the strongest bias in
the number of differentially expressed genes among the
plant-specific group. However, a statistically significant bias
was observed for all comparisons (Figure 2b). This bias suggests that many plant-specific proteins have roles in processes that occur in specific organs, particularly in roots and
flowers. In contrast to plant-specific genes, genes encoding
proteins that are conserved in other lineages show no greater
preferential expression in organs than would a random group
of genes (Table 5). Moreover, plant proteins with similarity to
proteins encoded in other eukaryote genomes were less likely
to be preferentially expressed in organs. Plant genes that code
for proteins with similarity to bacterial proteins were also
biased towards preferential expression in organs. However,
most of the differentially expressed genes in this group
encoded proteins with similarity to proteins in cyanobacteria
and are predicted to function in the chloroplast (data not
shown). Thus, these results are in agreement with a phylogenetic model of expression for plant genes.
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Table 5
Plant-specific genes are preferentially expressed in organs compared with genes that are evolutionarily conserved

Statistically significant organ-preferential
expression

No statistically significant difference from a
random sample

Statistically significant expression everywhere

Classification

Differentially expressed

Percentage of total

χ2

p

Plant specific

600

56%

51.27

8.1e-13

Bacteria (includes cyanobacteria)

122

67%

32.74

1.1e-08

Eukaryotes and archaea

37

61%

4.82

2.8e-02

Eukaryotes and bacteria

370

46%

0.22

6.4e-01

Archaea

3

60%

0.03

8.5e-01

Archaea and bacteria

52

49%

0.01

9.2e-01

Common to all

15

48%

0.00

9.6e-01

Eukaryotes

112

27%

61.75

3.9e-15

The first column indicates the conclusion from the statistical test. The second column indicates the phylogenetic classification of the genes analysed
in each row. The number of genes from each class (for example, plant-specific) that showed organ-preferential expression is indicated in the third
column. The fourth column shows the percentage of genes that showed organ-preferential expression as compared to the total number of genes
represented on Arabidopsis glass-slide microarrays for each class. The χ2 statistic and the p value are presented in the fifth and sixth columns,
respectively.

functions of the genes in the clusters found above, plant-specific processes may be related to defense or stress responses.
These data suggest that these plant responses to biotic or abiotic stress have evolved entirely in the plant lineage.

Discussion

Comparative genome analysis has established that gene
number alone is not sufficient to explain organismal
complexity. Current estimates from the annotation of the
Arabidopsis genome sequence indicate that there are around
27,000 protein-coding genes in this flowering plant [40]. Surprisingly, the sequence of the human genome indicates that
the authors of this manuscript have only about 3,000 more
protein-coding genes than the simple weed. It is clear that
such a small number of genes cannot explain the vast differences in developmental, morphological and behavioral processes that separate the two species.
Several hypotheses have been developed to explain how
organisms can increase greatly in complexity without major
increases in numbers of genes (for example, alternative splicing [41], DNA rearrangement during differentiation [42], and
transcriptional regulation [16,43]). Our data suggest that evolution of lineage-specific mechanisms of transcriptional control is one important factor in the evolution of plants. Among
the 1,831 plant-specific proteins with known or putative function, transcription factors stand out as the most prevalent
functional group. Four hundred and ninety-four transcription factors from various families were identified as plant specific. This result is consistent with the initial characterization
of the Arabidopsis proteome, which indicated that many proteins in the transcription function category (including tran-

scription factors and other aspects of mRNA metabolism) do
not show sequence similarity with proteins in other
sequenced model organisms [1]. This is also consistent with
previous estimates that indicate that approximately half of
Arabidopsis transcription factors are from families unique to
plants [15]. Importantly, the predominance of this functional
category among all plant-specific proteins, defined only on
the basis of primary structure, indicates that the evolution of
plant form was at least partly accomplished by the evolution
of plant-specific mechanisms to control gene expression at
the transcriptional level. This result also prompts us to speculate that the Arabidopsis genome contains an equally rich
diversity of cis-acting regulatory elements. Thus, one could
imagine that the combinations of plant-specific transcription
factors and their cognate cis-acting sequences could provide
a very large source of mechanistic alternatives and could easily bridge the gap in aspects of development, morphology,
behavior, and processes that separate plants from organisms
in other lineages. In fact, candidate plant-specific transcription factors involved in each of these processes can be identified from the list of plant-specific proteins. For example,
members of the GRAS and homeodomain family are involved
in developmental processes, members of the TCP family are
needed for the body plan, and members of the AP2/ERF family are known to mediate responses to environmental stimuli.
The hypothesis that evolution of complexity and diversity is
related to the evolution of regulatory mechanisms over common sets of genes is not a new one [16,44,45]. Nevertheless,
our results provide a quantitative assessment that supports
this hypothesis and identifies the characteristics of the proteins involved.
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Table 6
Two groups of plant-specific genes exhibit common expression profiles

Representative EST clone ID

comment

PP*

Locus

Description

At1g19180

Expressed protein

Cluster 1†
PS

111O21XP
123B21T7

At1g30755

Expressed protein

PS

209F11T7

At1g63090

F-box protein (SKP1 interacting partner 3-related)

PS

181I16T7

At1g72510

Expressed protein

PS

148B19T7

At1g74950

Expressed protein

PS

40F4T7

At2g23320

Identical to WRKY DNA-binding protein 15

EBA

240G12T7

At2g31880

Putative leucine-rich repeat transmembrane protein kinase

EBA

169J16T7

At2g39660

Putative protein kinase

PS

172K21XP

At3g16860

Expressed protein

PS

94C19T7

At3g25870

Expressed protein

PS

114O7T7

At4g12070

Expressed protein

PS

250F15T7

At4g19515

Similar to disease resistance protein

137B1T7

At4g30390

Expressed protein

PS

122N24T7

At5g13180

NAM-like protein; hypothetical senescence upregulated protein SENU5
GRAM-domain-containing protein similar to ABA-responsive protein

PS

204H15T7

At5g13200

E

195M6T7

At5g22250

CCR4-associated factor-like protein

PS

200J12T7

At5g62520

Expressed protein

169C12T7

At1g05250

Putative peroxidase

PS

113H5XP

At1g52050

Jacalin lectin family similar to myrosinase-binding protein homolog

EBA

121N12T7

At1g61590

Putative serine/threonine protein kinase

PS

40E4T7

At1g74770

Hypothetical protein; predicted by GenemarkHMM

B

34E12T7

At3g24670

Polysaccharide lyase family 1 (pectate lyase)

PS

122J15T7

At4g14060

Major latex protein (MLP)-related

PS

194B13T7

At4g15390

Acyltransferase family

PS

204N5XP

At4g26010

Putative peroxidase

PS

144C19T7

At5g07080

Transferase family similar to 10-deacetylbaccatin III-10-O-acetyl transferase

PS

116F2T7

At5g45070

Putative disease resistance protein (TIR class)

PS

110O2T7

At5g57685

Unknown protein; predicted by GenemarkHMM

Experiments were ranked according to the proportion of genes in the cluster that were differentially expressed. The most important experiments
for each cluster are indicated. *PP, phylogenetic profile. †Low expression in flowers compared to leaves, unstable and moderately unstable
transcripts. ‡High expression in roots as compared to a reference made of the whole plant, repressed during shoot development from root explants.
PS, plant specific; EBA, Arabidopsis protein with similarity to proteins in other eukaryotes, bacteria and archaea; B, Arabidopsis protein with similarity
to proteins in bacteria.
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interplay between the evolution of protein degradation and
plant-specific mechanisms to activate or repress gene transcription is an important theme in plant biology.
Plants produce an incredible diversity of chemical compounds [32]. In an effort to understand the significance of
plant-specific proteins for plant cell metabolism, we used the
AraCyc database of metabolic pathways [33] to investigate
the metabolic pathways in which they participate. AraCyc
currently includes a total of 170 metabolic pathways, approx-
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F-box proteins are one of the most expanded gene families in
plants [5]. Also, the Arabidopsis F-box protein family diversified in such a way that many members show no detectable
sequence similarity to proteins in other organisms. Together,
these observations suggest that regulation of protein turnover
has also had an important role in plant evolution. Significantly, new connections between transcription and protein
degradation [46] and the known importance of protein decay
for the action of phytohormones such as auxin and other
plant-specific processes [47], further suggests that the
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imately 100 of which have five or more reactions. AraCyc was
constructed computationally and curated manually and is
neither complete nor error-free. Nevertheless, it is one of the
broadest compilations of plant metabolism currently available, covering many primary and secondary metabolic pathways. Only 19 out of the 3,848 plant-specific proteins,
catalyzing 11 reactions, were found in AraCyc. In contrast,
many steps in central pathways were catalyzed by proteins
conserved throughout the phylogeny consistent with the
ancient origin of primary metabolism. Thus, in accord with
previous studies [32], our results suggest that the extremely
rich metabolic capacity of plants has arisen largely from modification of metabolic pathways that were present in the plant
ancestor, rather than by evolution of new pathways.
Interestingly, Arabidopsis genes that code for plant-specific
proteins but not for proteins that are evolutionarily conserved
were often expressed preferentially in plant organs. This
result suggests that plant gene expression follows a phylogenetic model similar to that observed in C. elegans [39]. In this
model, evolutionarily conserved genes that code for functions
essential for all cell types tend to be expressed constitutively
throughout the organism. In contrast, plant-specific genes,
which evolved later to carry out regulatory or specialized
functions, are expressed later during development and preferentially in certain cell types.
Although this study focused primarily on proteins that lack
similar sequences in all other non-plant organisms, the
frequency of occurrence of some other PPs can also inform us
about the evolution of plant form. Arabidopsis proteins with
a PP indicating conservation throughout all forms of life were
the next most abundant group. Such plant sequences that are
conserved in the genomes of Eukarya, Bacteria and Archaea
are likely to belong to ancient protein domains that were created or acquired early in evolution, and are good candidates
for proteins found in the last universal common ancestor
[48]. Thus these proteins are likely to carry out basic cellular
functions that are essential to cellular integrity in all organisms. Indeed, many of the proteins in this category are easily
recognized as components of the translation machinery or
involved in primary metabolic processes [6].
The distribution of PPs also suggests that plants have more in
common with bacteria than with archaea (Figure 1a). This
certainly reflects the rich bacterial heritage in plants. It is now
widely accepted that extensive gene transfer has occurred
from the cyanobacterial ancestor of the chloroplast to the
plant nuclear genome [49]. Consistent with this, many Arabidopsis proteins that show sequence similarity to bacterial
proteins are predicted to contain chloroplast transit peptides,
suggesting plastid localization. In addition, about half of the
Arabidopsis proteins with similarity to bacterial proteins are
present in cyanobacterial proteomes; thus, as much as 55% of
the current plant proteins shared with bacteria may come
from the endosymbiotic event with a cyanobacterium (see

http://genomebiology.com/2004/5/8/R53

supplementary information in [6]). Plants also seem to have
retained metabolic capabilities of bacterial origin that are
absent in other eukaryotic genomes (for example many plant
glycoside hydrolases, pectinesterases and pectate lyases have
similarity to bacterial proteins). In contrast to the commonality between plants and bacteria, only 10 Arabidopsis proteins
were found to have similarity exclusively to archaeal proteins.
This is somewhat surprising because many proteins encoded
in archaeal genomes, such as components of the DNA
replication, transcription and translation machineries, are
more similar to proteins encoded in eukaryote genomes than
to proteins from bacteria (reviewed in [50]). This result could
be biased because of the higher number of bacterial genomes
(88) over archaeal genomes (16) available for this study.
However this bias could not be too significant because there
are 141 plant proteins that are similar both in other eukaryotes and in archaea (Figure 1a). Many of the proteins in this last
group are subunits of the ribosome or components of the
basal transcriptional machinery. Consequently, these data
suggest that the plant proteins shared with archaea have a
deeper evolutionary origin than those shared with bacteria, as
is observed through the analysis of clusters of orthologous
groups [51].
Surprisingly, we found more Arabidopsis proteins in common with the five animal proteomes analyzed than with the
two fungal proteomes (for example, 163 Arabidopsis proteins
were found only in the animal proteomes, while 27 proteins
were found only in the two fungal proteomes). Molecular phylogenetic studies based on multiple protein sequences often
suggest a closer evolutionary relationship between fungi and
animals (for example [52]), albeit the split into plants, animals and fungi is thought to have occurred in a relatively
short period of time. The larger number of proteins in common between plants and animals as compared with fungi
prompt us to speculate that the fungal ancestor might have
diverged earlier than the ancestor that gave rise to plants and
animals.
Although a large majority of PPs observed (more than 97%)
were consistent for eukaryotic organisms (for example, if
present in human, then also present in all other animal protein sets), a few PPs were unexpected. Unexpected patterns
may reveal novel features about the biology of plants, but they
can also point out problems with the genome information
available. The latter was clearly the case for 18 Arabidopsis
proteins, which were found in all eukaryotic proteomes and in
the bacterial and archaeal protein sets but not in the proteome of Rattus norvegicus. These 18 proteins were distributed throughout the Arabidopsis genome, and showed no
obvious relationship in terms of sequence or function. Similarly, 36 other proteins were present in all eukaryote proteomes analyzed except in Rattus norvegicus. Although it is
formally possible that some of these genes are truly absent
from the rat genome, this genome sequence is not complete
and is less well annotated than most others. Therefore, a more
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central metabolic pathways) it is also likely that these have
received more attention. Nevertheless, this great difference
emphasizes that proteins present only in plant species are
much less studied than proteins that are also found in other
model organisms. Predictions of subcellular localization and
transmembrane helices suggest that plant-specific processes
that occur in chloroplasts and mitochondria and membraneassociated plant-specific proteins are the least understood. In
addition, some genes coding for unknown plant-specific proteins are highly expressed (as judged by high EST counts).
Therefore, the study of proteins with unknown function that
are highly expressed, membrane-associated, and/or that
function in chloroplasts or mitochondria is likely to be a fruitful approach to discover novel aspects of plant processes.

Sequences and generation of phylogenetic profiles

The above procedure identified putative plant-specific genes
by selecting PPs that indicated absence in all protein sets
compared. These protein sequences were then further charac-
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The complete set of predicted Arabidopsis proteins was used
in BLASTP comparisons against each of the following protein
sets: Homo sapiens, Rattus norvegicus, Drosophila melanogaster, Caenorhabditis elegans, Mus musculus,
Schizosaccharomyces pombe, Saccharomyces cerevisiae, a
combined set of 88 species of bacteria, and a combined set of
16 species of archaea. We constructed the phylogenetic profile
(PP) of each Arabidopsis protein sequence from the BLASTP
reports by recording the 'presence' or 'absence' in the other
protein sets. A 'presence of similar sequence' call was made
when the BLASTP E-value was 1e-10 or less. 'Absence of similar sequence' calls were made when the BLAST E-value was
0.01 or greater. Proteins that exhibit BLAST E-values
between 0.01 and 1e-10 against any of the genomes were not
considered any further.

interactions

In contrast to evolutionarily conserved proteins, we know little about the function of most plant-specific proteins. The
Arabidopsis genome annotation pipeline relies largely on
sequence similarity to known genes in other species [40].
Thus, it is not surprising that a list of genes that have been
selected on the basis of lack of similarity to other highly studied model systems (such as bacteria, yeast, and fly) have poor
annotations. In addition, it is a common experimental strategy to look for homologs in plants for genes that have already
been characterized in yeast, bacteria or animals. Because
genes that are conserved in all organisms are more likely to
have roles in processes that are fundamental for the function
of all types of cells (such as basal transcription, translation,

Arabidopsis thaliana proteins were obtained from The Institute for Genomics Research (TIGR) [55]. Drosophila melanogaster proteins were obtained from FlyBase [56]. All other
protein sequences were obtained from the Genome section of
the National Center for Biotechnology (NCBI) ftp server [57].
The complete expressed sequence tag (EST) databases utilized were obtained from TIGR [58]. A complete list of the
organisms and EST databases used in this study is available
from the Plant Specific Database website [6].
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Because of their great economic importance, angiosperms
have received disproportionately more attention than plant
species from other phylogenetic groups. Although this has
greatly advanced plant research, the relatively scarce genomic
data on other green plant lineages (green algae, mosses, ferns,
liverworts, hornworts, lycophytes and gymnosperms) preclude us from knowing the degree of conservation of the
plant-specific proteins identified in this study and the general
nature of our conclusions beyond the vascular plants. It will
be of great interest in the future to extend this analysis to
other phyletic groups inside and outside the Plantae as more
genome sequences become available. A more extensive comparison of the proteins currently encoded in plant genomes
(plant-specific and other) with other species should help us
gain further insight into the evolutionary history of plants.
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Materials and methods

reports

With the completion of the genome sequence of this model
plant, attention is shifting to functional studies. We believe
plant-specific proteins of unknown function are great candidates for future study. Because these genes will not be studied
in non-plant model systems, they represent attractive priorities for the plant community, especially in the context of the
2010 Project, the aim of which is to understand the function
of every Arabidopsis gene by the end of the year 2010 [54].

reviews

In any study of this type, the ultimate reasons for the
observed plant-specific nature of protein sequences are
unclear and require further detailed analysis. Beyond the
technical issues described in previous sections, plant proteins
without detectable similarity in other genomes can be
explained in at least three ways: first, these proteins may have
been present in the common ancestor but diverged early and/
or rapidly after speciation such that similarity can no longer
be detected; second, they may have been lost in other lineages; and third, they may be true plant innovations occurring
after plants diverged from ancestors of the other organisms.
In some cases, such as the AP2 domain transcription factors,
it is plausible that this protein class evolved after the divergence of the major eukaryotic lineages. In other cases, such as
transcription factors that are members of the GRAS family,
they may be distant relatives of proteins that are present in
other major eukaryotic lineages [53]. Regardless of the reason, it is clear that the presence of these sequences in plants
but not in other forms of life leaves little doubt that they are
important for plant functions and processes.
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plausible hypothesis is that similar genes are present in rat
but in genome regions that have not yet been properly
sequenced, assembled or annotated. Accordingly, PPs may be
useful for evaluating and identifying potential problems with
genomic sequences.
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terized by TBLASTN searches against EST databases from 13
species of monocotyledonous and dicotyledonous plants.
Proteins with matches against the Arabidopsis EST database
and EST databases of four other plant species (E-value cutoff
<1e-10) were selected for further analysis. The following EST
databases were utilized for this step: Arabidopsis Gene Index;
Hordeum vulgare Gene Index; Cotton Gene Index; Ice Plant
Gene Index; Maize Gene Index; Medicago truncatula Gene
Index; Pinus Gene Index; Potato Gene Index; Rice Gene
Index; Sorghum bicolor Gene Index; Soy Gene Index; Sunflower Gene Index; Tomato Gene Index; Wheat Gene Index.
At the outset of this study, we evaluated several E-value cutoff
schemes to generate the PPs. We found that the PPs were not
substantially affected by moderate changes to the E-value
cutoff. Although the stringent E-values we chose may lead to
some omissions, the number omitted is small and we felt that
it was important to minimize false positives rather than allow
too many false negatives. In this regard, previous studies have
suggested a much larger number of proteins as plant specific,
up to 10,000. The difference between this number and ours is
due in part to the different E-value cutoff used, but largely
because of the requirement we imposed for plant-specific
genes to be expressed, as documented by their presence in
EST databases. This expression requirement removed many
gene annotations based solely on computational predictions
and that were probably erroneous.
All BLAST report pages were parsed with the Bio::SearchIO
module from the Bioperl project [59]. All other sequence
manipulations and data analyses were done with custommade Perl scripts.

Analysis of the annotation of plant-specific proteins
The following steps were performed to identify known or
putative functions of plant-specific proteins. First, we used
the automatic functional classification scheme developed by
the Munich Information Center for Protein Sequences [60] to
classify plant-specific proteins in functional groups (data not
shown). We have implemented a web server that automates
this analysis (available from the Bio-Webtools Server [61]).
Second, for groups of proteins of interest we manually
inspected the annotations made by TIGR. Known proteins
were not corroborated further (for example, floral homeotic
protein APETALA2 identical to SP:P47927). Proteins with
putative annotations were manually inspected for the presence of corresponding protein domains using the Pfam database [62]. When available, the annotations in lists of proteins
were also corroborated by comparing against expert databases. The transcription factors used in this study were corroborated by AGRIS [63]. Proteins involved in RNA
metabolism were corroborated by a previous study [20]. Protein phosphatases and kinases were corroborated by the
PlantsP database [28]. Metabolic enzymes were corroborated
by AraCyc [33] and the Arabidopsis Lipid Gene Database
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[34]. Selected gene families were corroborated by the annotation of experts in the field (see 'Search by Gene Family' in [6]).

Prediction of subcellular localization and
transmembrane helices
Subcellular localization predictions were carried out with
TargetP [12] using the web server [64]. TargetP looks for
amino-terminal sorting signals by feeding the outputs from
SignalP, ChloroP and an analogous mitochondrial predictor
into a neural network that makes the final choice between the
different compartments. It provides a score and a reliability
class (a measure of the difference between the winner and
runner-up models) to evaluate the significance of the
prediction. The TargetP web server size cutoff of 4,000 amino
acids precluded analysis of the complete sequences of four
Arabidopsis
protein-coding
genes
(At1g48090.1,
At1g67120.1, At3g02260.1 and At5g23110.1). In these cases,
only the amino-terminal portion of the protein was utilized
for the prediction.
Putative transmembrane helices were predicted using
TMHMM [13] through the web server [65]. TMHMM uses a
hidden Markov model to predict transmembrane helices from
the amino-acid sequence.
The complete output of the TargetP and TMHMM programs
for each protein sequence analyzed is available at [6].

Gene-expression analysis
To analyze the expression of genes in this study, we used a
highly filtered dataset prepared from the publicly available
two-color microarray experiments performed by the Arabidopsis Functional Genomics Consortium (AFGC, described in
detail elsewhere and available upon request). Briefly, all
microarray hybridizations, including a wide variety of experimental treatments available from the Stanford Microarray
Database (SMD) [66] as of January 2002, were initially considered for the analysis. Hybridizations were discarded for
technical reasons (partial microarrays, multiple scans of the
same hybridization, control experiments of the AFGC) or
because they corresponded to experiments done with RNA
samples from other species. Spot quality parameters were
applied to each hybridization to filter out sub-optimal data
points. The parameters were: sum of raw channel intensities
≥ 1,000; channel-intensity values could not be saturated in
more than one channel per hybridization; 50% or more of the
pixels in the spot had to be greater than 1.5 times background
(in at least one channel per hybridization); good values for
qualitative indicators of spot quality (Flag = 0); we included
only spots that were printed with DNA from good PCR reactions (SMD codes 0, 5 and 7). The lowess method by sector
was then used to normalize each hybridization [67]. Slide
quality parameters were then applied to filter out sub-optimal
hybridizations: hybridizations with a strong gradient in the
ratios after normalization were discarded [68]; experiments
or hybridizations with low reproducibility were not consid-
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